Introduction
Pulsed laser microbeams offer the ability to deposit energy with high spatial precision to produce controllable perturbations to cellular systems. As a result, there is an increasing interest to use pulsed laser microbeams for precise cellular manipulation, including laser-induced cell lysis [1] , cell microdissection and catapulting [2] [3] [4] [5] , cell collection, expansion, and purification [6] [7] [8] , cellular microsurgery [9] [10] [11] , and cell membrane permeabilization for the delivery of membrane-impermeant molecules into cells [12] [13] [14] [15] . The processes of laser-induced optoinjection and optoporation offer the ability to load cells with a variety of biomolecules on short time scales (milliseconds to seconds) through optically produced cell membrane permeabilization [12, 14, 15] . Despite the innovative utilization of laser microbeams in cell biology and biotechnology, only recently have studies provided insight regarding the mechanisms that mediate the in- 
BIOPHOTONICS
Cell lysis and molecular delivery in confluent monolayers of PtK 2 cells are achieved by the delivery of 6 ns, l ¼ 532 nm laser pulses via a 40Â, 0.8 NA microscope objective. With increasing distance from the point of laser focus we find regions of (a) immediate cell lysis; (b) necrotic cells that detach during the fluorescence assays; (c) permeabilized cells sufficient to facilitate the uptake of small (3 kDa) FITC-conjugated Dextran molecules in viable cells; and (d) unaffected, viable cells. The spatial extent of cell lysis, cell detachment, and molecular delivery increased with laser pulse energy. Hydrodynamic analysis from time-resolved imaging studies reveal that the maximum wall shear stress associated with the pulsed laser microbeam-induced cavitation bubble expansion governs the location and spatial extent of each of these regions independent of laser pulse energy. Specifically, cells exposed to maximum wall shear stresses t w, max > 190 AE 20 kPa are immediately lysed while cells exposed to t w, max > 18 AE 2 kPa are necrotic and subsequently detach. Cells exposed to t w, max in the range 8-18 kPa are viable and successfully optoporated with 3 kDa Dextran molecules. Cells exposed to t w, max < 8 AE 1 kPa remain viable without molecular delivery. These findings provide the first direct correlation between pulsed laser microbeam-induced shear stresses and subsequent cellular outcome.
teractions of highly focused pulsed laser beams with cells [16] [17] [18] [19] [20] [21] [22] . A better understanding of these processes will prove critical to the continued development of laser microbeams for both research and practical applications. In previous studies, we provided a detailed characterization of the physics involved in the interaction of highly-focused nanosecond laser microbeams with cells [19, 20] . However, it is important to relate these physical effects to the biological response of the cells. The objective of this work is to determine the biological effects resulting from laser-induced cellular injury and connect these effects with the physics of the laser microbeam irradiation process. An understanding of this interrelationship between the physical processes of pulsed laser microbeam irradiation and the biological response may enable the optimization of the laser parameters used in these procedures and motivate the development of new applications that utilize laser microbeams.
This study provides a detailed examination of the biophysical effects resulting from pulsed laser microbeam irradiation of a confluent cell monolayer. The irradiation results in laser-induced plasma formation, shock wave propagation, and cavitation bubble formation, expansion, and collapse. These phenomena collectively produce the observed cellular effect. Of particular interest is a hydrodynamic analysis of the cavitation bubble expansion that reveals the effects of fluid shear stress on cell lysis, viability, and transient membrane permeabilization for molecular delivery. We have recently utilized time-resolved imaging methods to show that the cavitation bubble expansion is the primary agent for the lysis of PtK 2 cells when using nanosecond laser microbeams focused at a location 10 mm above the cell monolayer [19, 20] . Cell lysis is initiated at the site of plasma formation and propagates outwards with the bubble expansion [20] . A hydrodynamic model reveals that for cell monolayers cultured at surface densities of 1000 cells/ mm 2 , cell lysis occurred only at locations where transient shear stresses t w, max > 190 AE 20 kPa, independent of the laser pulse energy. Cells exposed to lower shear stresses remained intact and appeared viable even though they were subject to severe transient deformation during the cavitation bubble dynamics. In this study, we investigate the biological response to the delivery of a single pulsed laser microbeam by assessing the cell viability and membrane permeabilization surrounding the site of irradiation as a function of pulse energy. We examine the biophysical implication of these results using quantitative data obtained from time-resolved imaging of the laser microbeam irradiation process and hydrodynamic analysis.
Materials and Methods

Cell Irradiation
An inverted microscope (Axiovert S100, Zeiss, Jena, Germany) was used as the experiment platform. A Q-switched, frequency-doubled Nd : YAG laser (INDI 20, Spectra Physics, Mountain View, CA) emitting 6 ns pulses at l ¼ 532 nm was used for cell irradiation. As shown in Figure 1 , the laser output was directed througha l/2 plate and polarization-sensitive beam splitter, followed by a linear polarizer to adjust the laser pulse energy. The central portion of the laser beam was selected using an iris, directed into the rear microscope port, and reflected upward into the rear entrance aperture of the objective by a dichroic mirror placed in the microscope filter cube. The laser pulse energy entering the rear entrance aperture of the objective was measured by removing the objective from the microscope turret and allowing the unobstructed beam to illuminate an energy detector (Model No. J5-09, Coherent, Santa Clara, CA) set on the microscope stage. Pulse-to-pulse energy variation was found to be AE3%. A bright-field objective (40Â, 0.8 NA, Achroplan, Zeiss) was used for cell irradiation. The focal plane of the pulsed laser microbeam was positioned at a separation distance of 10 mm above the cell monolayer.
Fluorescence Imaging
A Quantix CCD camera (Photometrics, Roper Scientific, Trenton, NJ) was used to capture fluorescence and phase contrast images with 20Â, 0.45 NA Phase 2 (Zeiss A Plan, Jena, Germany) and 10Â, 0.3 NA Phase 1 (Zeiss Plan-NEOFLUAR, Jena, Germany) objectives. Camera operation and image acquisition was performed using Vþþ imaging software (Photometrics, Roper Scientific, Trenton, NJ). Image intensity levels were adjusted and images were compiled using Adobe Photoshop 7.0 (Adobe Systems Inc., San Jose, CA). 
PtK 2 Cell Culture
Potorous rat kidney epithelial (PtK 2 ) cells were grown in polystyrene culture dishes with glass bottoms (P35G-0-14-C, MatTek, Ashland, MA) in advanced minimum essential medium (Advanced MEM, Invitrogen, Carlsbad, CA) supplemented in 1% fetal calf serum, L-glutamine, amphomycin, and gentamicin sulfate. The culture medium was prepared free of phenol red to ensure its transparency to l ¼ 532 nm radiation. Cells were cultured in a humidified incubator at a constant temperature of 37 C and 5% CO 2 level. Culture dishes with cells at 100% confluency were used in each experiment. These cells did not exhibit contact inhibition and the surface density (cells/mm 2 ) was measured and controlled. The results provided are for cell monolayers cultured at a surface density of 1000 cells/mm 2 . The cell surface density was determined by counting the number of cells in a square 0.5 mm Â 0.5 mm region centered at the site of cell lysis. The site-to-site variation in cell surface density was kept below 10%.
Cell Viability Assay
Cell viability was assessed using Calcein AM (Invitrogen, Carlsbad, CA), a membrane permeant dye that passes readily through the cell membrane of viable cells and is hydrolyzed by esterases to form fluorescent Calcein that remains inside the cell. Dead cells were identified by Propidium Iodide (Invitrogen, Carlsbad, CA), a DNA intercalating agent that stains the nuclei of dead cells. Cell culture dishes were incubated 30 minutes after laser irradiation and loaded with 2 mM Calcein AM and 5 mg/mL Propidium Iodide by incubation for 20 min. To remove the remaining dyes, cells were washed carefully with cell culture medium three times before imaging.
Molecular Delivery Assay
Prior to laser irradiation, cells were placed in a 500 mM solution of Fluorescein isothiocyanate (FITC) conjugated Dextran (Sigma, MW ¼ 3 kDa). Cells were lysed and incubated for 30 minutes at 37 C, and a 5 mg/mL solution of Propidium Iodide (PI) was added. Cells were incubated for an additional 20 min and washed with buffer three times before imaging.
Results
Plasma Threshold, Cell Viability, and Molecular Delivery
The threshold energy for plasma formation in our experimental system is 8 mJ [20] . This was verified through the delivery of a Nd : YAG laser pulse via the 40Â, 0.8 NA bright-field objective into a Petri dish filled with culture medium. Plasma formation in the culture medium was observed visually in a dark room and its incidence for 50 pulses at discrete pulse energies was recorded. The threshold for plasma formation is defined as the pulse energy that results in a 50% probability of plasma formation.
Cell cultures were irradiated with single laser pulses at energies of 8, l6, 24, and 40 mJ, corresponding to 1Â, 2Â, 3Â, and 5Â the threshold energy for plasma formation. A minimum of 10 sites for each pulse energy were examined using fluorescence assays. The extent of cellular damage was confirmed by performing a standard live-dead fluorescence assay using Calcein AM and Propidium Iodide on the cell cultures after irradiation. Immediately after lysis, the irradiation sites were imaged in phase contrast. In addition, we imaged the irradiation sites in both phase contrast and epifluorescence after the cell assays were carried out. In performing the cell assays, Figure 2 Phase contrast images of cells following irradiation by a 16 mJ laser pulse (2Â threshold). Images were taken (a) immediately after lysis and (b) after the viability assay incubation and wash process. Scale bar ¼ 100 mm.
we observed that many cells surrounding the lysis zone that remained adherent immediately after laser microbeam irradiation detached and were flushed away during the wash process ( Figure 2) . Figure 3 provides phase contrast and epifluorescence images of cells after viability staining for sites irradiated at pulse energies corresponding to 1Â, 2Â, 3Â, and 5Â the threshold energy for plasma formation, respectively. The majority of cells that remain attached after the fluorescence assay survive the laser irradiation, as seen by the presence of very few dead cells around laser irradiation site. Outside this region, the cells remain adherent and viable. The area cleared of cells increases with pulse energy. These cells were followed 24 hours post-irradiation to confirm their continued viability, proliferation, and migration to fill in the void areas created by the cell lysis event.
After confirmation that the vast majority of the adherent cells surrounding the irradiation site remain viable, we sought to assess the potential of using pulsed laser microbeam irradiation for molecular delivery. PtK 2 cell cultures were placed in a solution of FITC-conjugated Dextran (MW ¼ 3 kDa) and exposed to a single 6 ns pulse from the Nd : YAG laser delivered via the 40Â, 0.8 NA bright-field objective. The cells were washed with buffer and dead cells were identified by incubation with Propidium Iodide. Figure 4 shows phase contrast and fluorescent images demonstrating molecular uptake of Dextran after irradiation at all four laser microbeam energies examined. Three zones of cells were identified following molecular delivery. The first region is characterized by necrotic cells that detached during the viability assay. This resulted in only a few remaining adherent cells that showed staining with Propidium Iodide. The second region is occupied by viable cells surrounding the irradiation site in which molecular delivery was achieved as confirmed by uptake of the 3 kDa FITC-conjugated Dextran. In the third region, few cells were visibly loaded withthe 3 kDa FITCconjugated Dextran; and all of these cells remained viable (as demonstrated in the viability assay shown in Figure 3) . Again, the zones of cellular damage and optoporation increase with pulse energy.
Characterization of the Zones of Cellular Injury
Collectively, the assays that evaluated the cellular response to laser-generated cavitation bubbles revealed four distinct zones of cellular injury. Previously, we identified the radius of cell lysis R lys as the radius of the region around the irradiation site that was denuded of cells immediately after laser irradiation [20] . Upon completion of the viability and membrane permeability assays, we found many cells beyond this region to be necrotic and, as mentioned previously and shown in Figure 2 , detach during the wash process associated with the cell assays. Moreover, a few cells that remained adherent were also necrotic. Therefore, we have defined a second radial location, r ¼ R necr , that denotes the maximum radius at which cell necrosis is seen and beyond which cells remain adherent and viable.
Beyond this region, we have identified a third radial location, r ¼ R perm , that characterizes the spatial extent of permeabilized cells i.e., cells that display uptake of the 3 kDa FITC-Dextran following laser irradiation as viewed through standard fluorescence microscopy. Beyond R perm the cells are viable, show no uptake of the 3 kDa FITC-conjugated Dextran and appear to be unaffected by the laser microbeam irradiation. A schematic illustrating these regions is shown in Figure 5 .
The average and standard deviation of the locations of each of these zones were determined by measuring the radius of cellular injury produced at 8-10 irradiation sites. In some instances the zone of cell lysis was slightly elliptical and the radius of a circle of equivalent area was used instead. The radial dimension defining the zones of cellular injury as a function of pulse energy is shown in Table 1 . As reported previously, we found the radius of cell lysis, R lys , to be 23, 30, 36, and 56 mm for pulse energies corresponding to 1Â, 2Â, 3Â, and 5Â threshold, respectively [20] . The viability assays revealed values of R necr to be 66, 105, 134, and 165 mm for pulse energies corresponding to 1Â, 2Â, 3Â, and 5Â threshold, respectively. The maximum radial locations occupied by permeabilized cells, R perm , were measured as 101, 162, 202, and 252 mm for pulse energies corresponding to 1Â, 2Â, 3Â, and 5Â threshold, respectively. In Table 1 we also provide an estimate for the number of optoporated cells by taking the product of the area of cell permeabilization and the cell surface density of 1000 cells/mm 2 . Collectively, the results demonstrate that increases in pulse energy produce substantial increases in both the zones of cellular damage and the number of permeabilized cells. 
Analysis and Discussion
Our rich data set provides the opportunity to examine the experimental observations with respect to those of other investigators and to explore the possible connection between the zones of cell lysis, necrosis, and cell membrane permeabilization with the underlying physical mechanisms. From a mechanistic standpoint, we will examine the potential contributions of cavitation bubble-induced shear stress and shock wave pressure to cell lysis and cell membrane permeabilization. This is achieved through hydrodynamic modeling facilitated by a quantitative assessment of time-resolved images of the cavitation bubble expansion generated by the delivery of pulsed laser microbeam irradiation to confluent PtK 2 cell cultures at the same pulse energies examined in the cellular assays. Finally, we discuss our laser-based molecular delivery results relative to those of other studies as well as studies, in acoustic cavitation literature that examine sonoporation as a means for molecular delivery.
Role of Cavitation Bubble Generated Shear Stress on Cell Lysis and Membrane Permeabilization
Our previous time-resolved imaging study of the pulsed laser microbeam cell lysis process provided evidence that the primary agent for cell lysis and deformation is the dynamic shear stress produced by the cavitation bubble expansion [20] . We introduced a hydrodynamic model to determine the spatio-temporal evolution of both the fluid velocity and wall shear stress provided by the cavitation bubble dynamics. This model revealed a direct relationship between the maximum wall shear stress t w, max and the extent of cell lysis R lys . A schematic of this model is shown in Figure 6a . In this model we assume that the cell monolayer acts as a stationary boundary and Figure 5 Zones of cellular injury. We provide a phase contrast image (a) and a schematic drawing (b) illustrating the three measured zones of cellular injury. Some of the cells outside of the lysis zone, R lys , have lost viability and wash away during the assay wash process, creating another damage zone, R necr , beyond which cells remain viable. Beyond this region, we have cells that remained viable and showed molecular uptake of the 3 kDa FITC-conjugated Dextran, R perm , beyond which the cells to not appear to be affected by the laser irradiation. determined from time-resolved images of the laser microbeam irradiation event at a pulse energy corresponding to 1Â the threshold for plasma formation [20] .
that the cells are subject to shear stress due to movement of fluid parallel to this boundary. We consider the fluid motion at locations outside the expanding bubble and define a geometry in which the origin is located at the site of the laser focus immediately above the cell monolayer with z and r being the vertical and radial axes, respectively. Time-resolved imaging provided a means to quantify the spatial and temporal evolution of both the radial position R B (t) and velocity V B (t) of the bubble wall. A sample set of this data is shown in Figure 6b . Conservation of mass in this system provides the following relationship between the external fluid velocity V 1 (r, t) and the bubble dynamics as:
Conservation of momentum was then applied to obtain the following expression for the wall shear stress t w (r, t) generated by the cavitation bubble expansion [20] :
where r and n are the density and kinematic viscosity of the fluid medium [20] . Equation (2) is valid at any radial position r and time 0 < t < t 0 where t 0 is the time of arrival of the bubble wall at position r.
The profiles of the temporal evolution of the wall shear stress are characterized generally by a rapid (.30 ns) increase to a maximum value followed by a more gradual decay [20] . Of particular interest is the maximum shear stress at radial positions corresponding to the regions of cell lysis, cell necrosis, and cell membrane permeabilization. In Table 2 we provide the maximum wall shear stress predicted by our hydrodynamic analysis at each of these interfaces as described in the Results i.e., at r ¼ R lys , r ¼ R necr , and r ¼ R perm . This table encompasses pulse energies in the range 8-40 mJ, corresponding to energies of 1Â-5Â the threshold for plasma formation. Remarkably, even with wide range of pulse energies examined, the range of shear stresses calculated at each zone of cellular injury is quite narrow; typically .10%. The location representing the maximum extent of immediate cell lysis (r ¼ R lys ) is exposed to maximum wall shear stresses of t w, max ¼ 190 AE 20 kPa, whereas the location representing the maximum extent of necrotic cells (r ¼ R necr ) is exposed to shear stresses of t w, max ¼ 18 AE 2 kPa. Finally, the analysis indicates that the molecular delivery to these cells witha 3 kDa FITC-conjugated Dextran through transient membrane permeabilization (r ¼ R perm ) requires a maximum transient shear stress of t w, max ¼ 8 AE 1 kPa. Cells exposed to t w, max . 8 AE 1 kPa remain viable and appear unaffected by the pulsed laser microbeam irradiation. Table 2 Summary of hydrodynamic data and analysis providing the maximum wall shear stress t w, max computed at each zone of cellular injury for pulse energies corresponding to 1Â, 2Â, 3Â, and 5Â the threshold for plasma formation. Figure 7 Composite diagram showing hydrodynamic model predictions of the maximum wall shear stress t w, max as a function of radial position at pulse energies 1Â, 2Â, 3Â, and 5Â the threshold for plasma formation. Colored regions indicate the resulting cellular effect. Experimental data points including error bars validate the hypothesis that the specific ranges of maximum shear stress effectively delimit the separation between regions. These shear stress regions and corresponding cellular effect are depicted pictorially below the main plot. Figure 7 illustrates the interrelationship between the spatial region occupied by the lysed, necrotic, optoporated, and unaffected cells and the maximum transient shear stress for all 4 pulse energies tested. The curves represent the predictions of the hydrodynamic model for the maximum wall shear stress as a function of radial position for each laser microbeam pulse energy. The shaded regions are defined by the range of shear stresses necessary for the pulsed laser microbeam to produce the appropriate cellular effect. The intersection of an individual curve with each shaded region defines the range of maximum wall shear stress and radial positions in which the various cellular effects are achieved for the given pulse energy. The mean and standard deviation of the experimental results for R lys , R necr , and R perm and the corresponding t w, max predicted by the hydrodynamic model at these locations are also shown. The location of the experimental data points across all pulse energies is remarkably consistent with the boundaries of the shaded regions.
The collective congruence between the experimental results and hydrodynamic modeling identifies a well-defined range of maximum transient wall shear stress of 8-18 kPa required to achieve molecular delivery while maintaining cell viability of 3 kDa FITC-conjugated Dextran for PtK 2 cells cultured at a density of 1000 cells/mm 2 . Transient wall shear stresses below 8 kPa do not achieve optoporation, while transient wall shear stresses above 18 kPa result in loss of cell viability through cell necrosis and detachment and, for t w, max > 190 kPa, through immediate cell lysis. It is important to emphasize that previous experiments have shown that the maximum shear stresses necessary to produce cell lysis decreases with a reduction in the cell surface density [20] . Thus it is expected that cell surface densities <1000 cells/mm 2 will result in a lower range of shear stresses to produce optoporation. Moreover, we expect that the specific values of the maximum transient wall shear stress necessary to achieve the observed cellular effects will change with cell type.
Potential Role of Shock/Stress Waves to Achieve Molecular Delivery
Thus far, we have not considered the potential contribution of the shock wave produced by plasma formation to the observed cellular effects. Our previous studies [19, 20] have provided no evidence for the role of shock waves in the production of the observed cellular effects. Rather, these studies have implicated the cavitation bubble dynamics as the primary instigator of cellular damage and cell membrane permeabilization. Nevertheless, there have been extensive studies investigating the specific contribution of laser-generated stress/shock waves to cellular injury as well as molecular delivery [23] [24] [25] [26] [27] [28] . The study most relevant to our investigation is that of Kodama and co-workers who investigated the efficacy of laser-generated and shock tube-generated pressure waves to produce molecular delivery of Calcein (MW ¼ 622 Da) and FITC-conjugated Dextran (MW ¼ 71.4 kDa) into the cytoplasm of HL-60 human promyelocytic leukemia cells. They found that the efficacy of molecular delivery was not correlated with the maximum shock wave pressure but rather with the shock wave impulse as estimated by the product of the maximum pressure and the shock duration. They found that to achieve molecular delivery to roughly 45% of the cells requires an impulse of $50 Pa Á s for Calcein and $150 Pa Á s for the 71.4 kDa FITC-conjugated Dextran.
We have measured velocity of the shock waves produced by pulsed laser microbeam irradiation as a function of both pulse energy and radial position to determine the shock wave pressure [19] . This analysis reveals that the cells which are successfully optoporated receive maximum shock pressures not exceeding 50 MPa [19] and that these shock waves possess a characteristic duration of 40 ns [18] . This results in a maximum impulse of 2 Pa Á s; 25Â below the impulse required to achieve molecular delivery as reported by Kodama and co-workers. We thus conclude that the shock wave generated by the pulsed laser microbeam irradiation is unlikely to provide a contribution to the observed molecular delivery of 3 kDa FITC-conjugated Dextran in our system. Nevertheless, there may be similarities in the underlying mechanism by which shock waves and transient fluid shear stress cause structural changes in the cell membrane to facilitate molecular delivery. Such structural changes in the phospholipid bilayer have been recently investigated via molecular dynamics simulations by Koshiyama and co-workers for the case of shock wave-generated molecular delivery [28] . Clearly the use of such computational methods to examine the impact of transient fluid shear stress on the structure of the phospholipid bilayer would represent an important next step to elucidate the molecular mechanisms of this process.
Implications for Molecular Delivery and Acoustic Cavitation Studies
The characteristics of our molecular delivery results are similar to those reported by Soughayer and coworkers who investigated the molecular delivery of rat basophilic leukemia (RBL) cells using a single 5 ns, l ¼ 532 nm laser pulse with 10 mJ pulse energy delivered via a 100Â, 1.3 NA microscope objective [14] . The RBL cells were placed in a 170 mM solution of 3 kDa Texas Red-conjugated Dextran. Soughayer and co-workers identified three distinct zones of cellular response following the pulsed laser microbeam irradiation: (a) a region of dead and/or detached cells at distances of up to 30 mm from the laser irradiation site, (b) a region of optoporated, viable cells 31-60 mm from the irradiation site, and (c) seemingly unaffected, viable cells that showed little uptake of the Texas Red-conjugated Dextran at distances >60 mm from the irradiation site. Differences between the spatial extent of the three zones of cellular effects between the two studies are likely due to the different cell types, cell surface density, and microscope objective. Our results for 8 mJ pulse energy (1Â threshold) provides a similar $30 mm range for immediately lysed cells and a similar $30 mm wide region of permeabilized cells.
Also of interest is a comparison of our results with the use of cavitation bubbles created by acoustic means for applications in cell lysis, cell detachment, and molecular delivery [13, 16, 19, 20, 29] . Recently, much attention has been given to the use of ultrasonic techniques to achieve molecular delivery to cells and tissues for therapeutic applications such as transdermal drug delivery, gene therapy, and delivery of chemotherapeutic drugs to tumors [30] . The use of lowamplitude ultrasound to achieve transient cell membrane permeabilization for molecular delivery is known as reparable sonoporation [31] . It has been found that sonoporation is enhanced significantly when cavitation bubbles are present during the acoustic exposure, suggesting that a fluid dynamic interaction between cavitation bubbles and cells is responsible for membrane poration [17, 31, 32] . The physical mechanism of sonoporation is not well understood and thus the dependence of membrane permeabilization on the cavitation parameters is not yet known [33, 34] . A better understanding of the physical mechanisms responsible for the poration of the cell membrane is crucial for the optimization of this technique. As a result many groups are examining ultrasound-generated cavitation bubble dynamics and the resulting fluid velocities to determine the shear stresses and exposure times required to achieve sonoporation, cell detachment, and cell lysis [16, 17, 29, 35, 36] .
Wu and co-workers have examined acoustic cavitation by subjecting an erythrocyte suspension to an oscillating probe called a Mason horn set to a frequency of 20 kHz, a technique referred to as microstreaming [29, 35] . They developed a mathematical model to estimate the shear stress experienced by Jurkat leukocytes subject to microstreaming and concluded that the shear stress produced by the Mason horn was the primary mechanism for the cells demonstrating reparable sonoporation. This study determined that a threshold shear stress of 12 AE 4 Pa is required for reparable sonoporation for exposures of up to 7 minutes [29, 35] . Similar studies using microstreaming have also determined shear stress to be the mechanism of hemolysis of erythrocytes, with a critical shear stress for hemoglobin release was found to be in the range of 300-450 Pa [35, 37] . Threshold shear stresses have not been determined for all cell types, but it has been shown that lysis of red blood cells by local shear has a strong dependence on cell volume [38, 39] . Extrapolation of these data to endothelial cells predicts lysis to occur at stresses of $800 Pa [40] . Studies by Ohl and Wolfrum found a 100-160 Pa shear stress required for detachment of cultured HeLa cells using a lithotripter [16] , and reparable sonoporation was observed at shear stresses below the 100 Pa required for cell detachment. In all of these studies, the reported shear stress values for molecular delivery and cell lysis are on the order of 100 Pa for exposure times on the order of minutes. By contrast, the shear stress values required for cell lysis and molecular delivery using pulsed laser microbeams are in the 10-100 kPa regime; stress magnitudes that are larger by two to three orders of magnitude. However, the duration of these stress transients are on the order of nanoseconds to microseconds. This strongly suggests that there exists a time-stress dependent mechanism for stress-mediated permeabilization and damage to the cell membrane.
The use of sonoporation for molecular delivery to cells and tissues holds promise for many therapeutic applications in medicine. However, typical sonoporation experiments result in the production of multiple cavitation bubbles whose exact size and location are not controlled. The use of pulsed laser microbeams offers the advantage of creating individual cavitation bubbles of specific size and location. This enables the generation of controlled and reproducible regions of cellular damage and/or molecular delivery. Moreover, with the potential development of laser microbeam platforms that offer multiple wavelengths (e.g., l ¼ 355, 532, 1064 nm) and a range of pulse durations (ns À fs) that can provide for optical breakdown over a range of pulse energies [41, 22] , one can easily conceive of a single platform that can provide for precise zones of cellular damage and molecular delivery over a broad range.
Conclusion
We have examined the cellular response of adherent PtK 2 cell monolayers to nanosecond pulsed laser microbeam irradiation. Cell viability and membrane permeability assays combined with microscopic examination have identified and quantified regions of (a) immediate cell lysis, (b) cell necrosis, and (c) molecular delivery in response to 6 ns pulsed laser microbe-am irradiation at l ¼ 532 nm in cell monolayers cultured at a density of 1000 cells/mm 2 . Hydrodynamic analysis of the cavitation bubble dynamics produced by the laser microbeam irradiation revealed that over a 5-fold variation in laser microbeam energy, the spatial extent of each of these regions is linked to the maximum transient shear stress produced by the fluid displaced by the cavitation bubble expansion. Specifically, cells immediately adjacent to the site of irradiation that experienced maximum transient wall shear stresses t w, max > 190 AE 20 kPa were immediately lysed. Cells situated further away that were exposed to t w, max > 19 AE 2 kPa remained intact but were necrotic. Cells positioned more distant that received maximum shear stresses in the range 8 AE 1 t w, max 19 AE 2 kPa remained viable and were successfully optoporated with 3 kDa FITC-conjugated Dextran molecules. At all pulse energies, cells were transiently permeabilized up to 2 to 3 layers around the lysis zone, indicating that this range of shear stress produces a transient, but repairable, disruption in the plasma cell membrane. Finally, cells most distant from the irradiation site that received t w, max < 8 AE 1 kPa remained intact, viable and free of molecular delivery.
Of interest is the fact that the ranges of maximum shear stresses necessary to produce cell lysis, necrosis and molecular delivery using laser microbeams are of the order of 10-100 kPa; roughly 3 orders of magnitude larger than those typically utilized for cell lysis and molecular delivery by the ultrasonic/sonoporation community. The important difference is that the exposure to these stresses are typically of the order of 0.1-10 ms when using pulsed laser microbeam irradiation and 1-100 seconds when using ultrasonic sources. This strongly suggests a stress-time dependent mechanism for mechanical damage of the cell membrane that warrants further examination. This study has identified a well-defined range of maximum wall shear stress ($8-18 kPa) required to achieve molecular delivery through optoporation. Through investigation of the damage zones and resulting shear stress caused by cavitation bubble expansion, this technique can be used to optimize optoporation of diverse molecules into varying cell types. In contrast to sonoporation, the use of pulsed laser microbeams offer the advantage of producing cavitation bubbles with reproducible size and specific location that, in turn, can produced well-defined, reproducible zones of cell lysis, optoporation, and cell viability.
